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O B J E C T I V E S This study sought to examine the capability of optical frequency domain imaging (OFDI)
to characterize various morphological and histological responses to stents implanted in human coronary
arteries.
B A C KG ROUND A precise assessment of vascular responses to stents may help stratify the risk of
future adverse events in patients who have been treated with coronary stents.
METHOD S Fourteen human stented coronary segments with implant duration 1 month from 10 hearts
acquired at autopsy were interrogated ex vivo by OFDI and intravascular ultrasound (IVUS). Comparison with
histology was assessed in 134 pairs of images where the endpoints were to investigate: 1) accuracy of
morphological measurements; 2) detection of uncovered struts; and 3) characterization of neointima.
R E S U L T S Although both OFDI and IVUS provided a good correlation of neointimal area with
histology, the correlation of minimum neointimal thickness was inferior in IVUS (R2  0.39) as compared
with OFDI (R2  0.67). Similarly, IVUS showed a weak correlation of the ratio of uncovered to total stent
struts per section (RUTSS) (R2  0.24), whereas OFDI maintained superiority (R2  0.66). In a more
detailed analysis by OFDI, identiﬁcation of individual uncovered struts demonstrated a sensitivity of
77.9% and speciﬁcity of 96.4%. Other important morphological features such as ﬁbrin accumulation,
excessive inﬂammation (hypersensitivity), and in-stent atherosclerosis were characterized by OFDI;
however, the similarly dark appearance of these tissues did not allow for direct visual discrimination. The
quantitative analysis of OFDI signal reﬂections from various in-stent tissues demonstrated distinct
features of organized thrombus and accumulation of foamy macrophages.
CONC L U S I O N S The results of the present study reinforce the potential of OFDI to detect vascular
responses that may be important for the understanding of long-term stent performance, and indicate
the capability of this technology to serve as a diagnostic indicator of clinical success. (J Am Coll Cardiol
Img 2012;5:71–82) © 2012 by the American College of Cardiology Foundation
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72n the past decade, drug-eluting stents (DES) have
led to a dramatic improvement in the percutane-
ous treatment of coronary atherosclerotic disease,
where the incidence of in-stent restenosis has been
significantly reduced to 10% at 9- to 12-month
follow-up (1,2). Despite the major advancements,
there remains an infrequent, but real risk for life-
threatening complications arising from late stent
thrombosis (LST), primarily attributed to incom-
plete endothelial coverage of stent struts (3).
See page 83
Both human autopsy (4,5) and clinical imaging
studies (6,7) have emphasized the importance of
delayed arterial healing and underlying plaque mor-
phology as contributing factors to LST, where the
best classifier of endothelial coverage is the ratio of
uncovered to total stent struts (RUTSS)
(8). It is therefore possible that improve-
ments in imaging modalities would serve
as an identifier of healing with DES and
serve as a predictor of late complications.
Intravascular imaging devices that mea-
sure backscattered light or optical echoes
derived from an infrared light source di-
rected at the arterial wall are receiving
much attention because of their high res-
olution (i.e., 10 to 20 m). In pre-clinical
animal models, Suzuki et al. (9) and Mu-
rata et al. (10) examined the accuracy and
reproducibility of optical coherence to-
mography (OCT) for detecting neointi-
mal coverage of stent struts. Moreover,
Templin et al. (11), using optical fre-
quency domain imaging (OFDI), a second-
generation OCT device with better image acquisi-
tion by removing the depth degeneracy (12),
recently showed an excellent correlation of stent
strut coverage between OFDI and histology by
scanning electron microscopy in a porcine model.
The accuracy of OFDI has not been previously
examined. In the present study, we sought to
evaluate the capability of OFDI to recognize critical
morphological features that may be associated with
long-term stent performance by ex vivo interroga-
tion of human stented coronary arteries at autopsy.
M E T H O D S
Stented lesions. Unfixed or formalin-fixed hearts or
essels with intracoronary stents received in diag-
undostic consultation were studied; stents implanted A1 month at the time of autopsy were excluded
rom the analysis (Table 1).
Imaging procedure. Initially, a 0.014-in guidewire
as introduced into the vessel followed by an
ntravascular ultrasound (IVUS) catheter (2.6-F).
VUS images of the entire stent and adjacent 5-mm
roximal and distal nonstented segments were ac-
uired at a pullback rate of 0.5 mm/s (30 frame/s).
ollowing IVUS interrogation, the catheter was
emoved, and an OFDI catheter (2.4-F) was simi-
arly introduced; sequential images were then ac-
uired at a pullback rate of 15 mm/s (120 frame/s).
mage acquisition of stented vascular segments was per-
ormed using IVUS (frequency 40 MHz, VISIWAVE,
erumo Corporation, Tokyo, Japan), and Terumo
FDI system (Terumo Corporation). Acquired
mages were stored on the system hard drive for the
ater offline analysis. When unfixed hearts were
eceived (cases 3 and 9 in Table 1), imaging was
epeatedly performed before and after formalin
xation. Following artery interrogation, the stented
essels were sent to histological processing (for the
etails, see Online Appendix).
Co-registration of IVUS and OFDI images with histology.
IVUS and OFDI images were systematically co-
registered to histological sections by 2 separate
investigators (M.N. and M.V.), beginning at the
most distal nonstented segment with consideration
of the distance along the longitudinal axis, pullback
speed, and frame rate. Adjustments were made
using the stent and luminal configuration or ana-
tomical landmarks such as vessel branches or pres-
ence of calcification, thus improving the accuracy of
registration. Twenty-seven histological sections
were excluded on the basis of cutting artifacts,
co-registration difficulty, and large branch or exis-
tence of thrombi. IVUS and OFDI images acquired
from fixed coronary segments were utilized for
morphometry and tissue characterization where a
total of 134 pairs of co-registered (matching) im-
ages including 1,656 struts (histology), 1,098 struts
(IVUS), and 1,322 struts (OFDI) were available for
the main analysis (Online Fig. 1).
Morphometric analysis. Cross-sectional areas (stent
nd lumen) at each level were measured in co-
egistered images from histology, IVUS, and OFDI
sing digital morphometry (IPLab, Scanalytics,
ockville, Maryland). Area measurements were
sed to calculate vessel layer areas with the follow-
ng formulas; Neointimal Area  Stented Area 
umen Area, % Stenosis  100  (1  [LumenA B B R E V I A T I O N S
A N D A C R O N YM S
BMS bare-metal stent(s)
I confidence interval
DES drug-eluting stent(s)
CM extracellular matrix
QR interquartile range
VUS intravascular ultraso
ST late stent thrombosis
CT optical coherence
omography
FDI optical frequency
domain imagingrea/Stented Area]).
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73Neointimal thickness on histology and IVUS was
defined as the distance from the inner surface of
each stent strut to the luminal border, whereas for
OFDI, the distance between the axial and lateral
center of stent strut reflection and the luminal
border was used, as previously reported (10). The
mean, minimum, and maximum values of neointi-
mal thickness for each section was calculated from
each co-registered image.
The number of uncovered struts and total struts
per section were counted together with the ratio of
uncovered to total struts per section (RUTSS) as
previously described (8). Recognition of uncovered
struts in IVUS and OFDI was based on the visual
determination that struts were detached (free) from
the luminal surface or that struts were apposed to
the arterial wall with an apparent discontinuity of
neointimal tissue over and/or near the strut edge
(Fig. 1). Uncovered struts by histology were defined
by the lack of neointimal coverage and/or surface
endothelium (8).
Assessment of stent strut coverage (per strut analy-
sis). To further evaluate the utility of OFDI to
recognize covered versus uncovered struts, a de-
tailed analysis was performed by 2 investigators
blinded to histology (F.O. and M.T.) on a subset of
histological sections with at least 1 uncovered strut
(n  13 sections), where a total of 97 covered struts
nd 43 uncovered struts were identified by histol-
Table 1. Matrix of Stents Interrogated by OFDI and IVUS
Patient Age/Gender Cause of Death* Vessel
1 64/F SRD (restenosis) LAD Bx Velo
LCX Xience
2 68/M NSRCD (AMI) LCX MultiLi
3 52/M SRD (restenosis) Diag NIR (1)
4 61/M NCD (pneumonia) LAD (2)
5 60/M NSRCD (stable plaque) LAD Xience
LCX Xience
6 41/M NSRCD (stable plaque) RCA Taxus (
7 79/M NCD (AAA) RCA MultiLi
8 66/M NCD (endocarditis) LOM Vision
9 31/M SRD (restenosis) LAD Vision
10‡ 67/F SRD (VLST) LAD-Diag Cypher
LCX Joﬂex (
RCA Taxus L
The stents used and their manufacturers are as follows: Bx Velocity (Cordis)
Helsingborg, Sweden); MultiLink (Abbott Vascular, Santa Clara, California); NIR (B
Vascular); and Xience V (Abbott Vascular). *The cause of death was reported as
(thrombosis or 75% cross-sectional stenosis in the nonstented segments), or
total occlusion of proximal LAD. After balloon angioplasty, the patient was cod
AAA  abdominal aortic aneurysm; AMI  acute myocardial infarction; Diag
coronary artery; LCX  left circumﬂex coronary artery; LOM  left obtuse margi
optical frequency domain imaging; RCA  right coronary artery; SRD  stent-rgy. The stent struts of the remaining 121 sections Oere fully covered with neointima and were ex-
luded so that only the sections with minimal
eointima were examined. In this analysis, co-
egistered and adjacent frames in sequential OFDI
mages were deliberately investigated to identify
ndividual struts that matched with histology (On-
ine Fig. 2).
Neointimal characterization by OFDI. Histological
lides from stented arteries were reviewed for fibrin
ccumulation, foamy macrophages, and in-stent
therosclerosis including lipid/necrotic core, calcifi-
ation, excessive inflammation (hypersensitivity),
ntimal disruption, organized thrombus, and angio-
enesis; and the OFDI appearance of those features
as descriptively characterized. For further evalua-
ion, OFDI signals from tissues facing the lumen
ere quantitatively analyzed by a modified method
rom Kume et al. (13). The OFDI signal intensity
as calculated from the luminal surface to 0.3- to
.4-mm depth, and fitted to an approximate expo-
ential formula (y  A  expBx) by the least-
quare method, where index A represents a “peak
ntensity,” and index B reflects an “attenuation rate”
i.e., reduction of signal intensity according to
epth). For each section, 3 regions of interest were
elected from the area consisting of the aforemen-
ioned in-stent features. The values of peak inten-
ity and attenuation rate were measured from 3
egions of interest, and averaged per section. The
Stent (n)
Stented Length,
mm*
Implant
Mo
(1) 26
), Cypher (2) 37 3 (Xience V), 48 (Cyp
) 16
15 1
54
) 18
) 18
34
) 14
8
23
Vision (1), Driver (2) 55 61 (Cypher), 32 (Visi
13 1
té (2), Endeavor Resolute (2) 47 32 (Taxus Liberté), 1
her (Cordis); Driver (Medtronic, Minneapolis, Minnesota); Endeavor Resolute (M
n Scientiﬁc, Natick, Massachusetts); Taxus (Boston Scientiﬁc); Taxus Liberté (Boston
t-related death (thrombosis or 75% cross-sectional in-stent restenosis), non–ste
oronary death. †Total length of stented segment measured on ex vivo x-ray. ‡Th
Histological examination revealed hypersensitivity reaction in Cypher stent.
ft diagonal coronary artery; F  female; IVUS  intravascular ultrasound; LAD 
oronary artery; M  male; NCD  noncoronary death; NSRCD  non–stent-relate
d death; VLST  very late stent thrombosis.Duration,
nths
city 72
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74neointima of stents implanted 6 months or 1
year. Normal neointima was defined as a smooth
muscle cell (SMC)-rich tissue with extracellular
matrix (ECM) containing collagens and proteogly-
cans but had an absence of fibrin accumulation,
foamy macrophages, lipid core/necrotic core, calci-
fication, excessive inflammation (hypersensitivity),
e 1. Recognition of Neointimal Coverage Over Struts by OFDI
ptical frequency domain imaging (OFDI) image of covered struts.
ruts appear buried beneath a neointimal layer. (B) Magniﬁed
of the inset in (A). The strut is covered by a smooth, thin layer
ointimal tissue. (C) Histology corresponding to the image in
ovat pentachrome stain, magniﬁcation 40). (D) Magniﬁed
of the inset in (C) showing a single strut covered by a thin layer
ointima (Movat, 200). (E) OFDI image of the luminal surface of
showing covered and uncovered struts (white arrowheads). Strut
eled (1) in the image, appears to be well covered with a smooth
of tissue. On the other hand, strut 2, labeled (2) in the image, is
y covered at its edge, showing irregular luminal delineation,
as strut 3, labeled (3) in the image, appears free-ﬂoating with an
ce of overlying neointimal growth. (F) Corresponding histology to
age in (E) conﬁrms this ﬁnding. (G) Magniﬁed histological image
sponding to the OFDI image in (E) and histological image in
ows strut 1 covered by a thin layer of neointima with overlying
thelium, whereas strut 2 is mainly surrounded by a few inﬂamma-
ells and accumulated ﬁbrin in the absence of endothelium
t, 400).intimal disruption, and organized thrombus. Theareas with nonuniform rotational distortion and/or
other artifacts were excluded from this analysis.
Prior to this evaluation, all OFDI images were
adjusted to the same default setting, and the anal-
ysis was performed by ImageJ software (National
Institutes of Health, Rockville, Maryland). Data
from unfixed vessels in 2 cases were used to assess
the effect of formalin fixation on OFDI signal
reflection, and no significant difference was identi-
fied between unfixed and fixed tissues (for the
details, see Online Appendix).
Statistical analysis. The values were expressed as
mean SD for continuous valuables and as median
(interquartile range [IQR]) for discrete valuables
unless otherwise designated. One-way analysis of
variance with post hoc Tukey-Kramer test was used
to calculate the significance of differences between
normally distributed data. Non-normally distrib-
uted data were compared using a Wilcoxon
Kruskal-Wallis test. The correlation of the OFDI
or IVUS measurements versus histology was calcu-
lated by Spearman rank correlation coefficient. The
agreement of measurements was assessed by Bland-
Altman analysis (14). In the per-strut analysis of
neointimal coverage, sensitivity and specificity for
detection of covered/uncovered struts by OFDI
were calculated for each reviewer without consider-
ation of correlation within individuals. The degree
of agreement between 2 reviewers was quantified by
the Cohen’s  test for concordance. A value of p 
.05 was considered statistically significant.
R E S U L T S
Morphometric comparison from images acquired by
IVUS, OFDI, and histology. Area measurements of the
tent size (mm2), lumen (mm2), neointima (mm2),
nd % stenosis derived from IVUS and OFDI were
imilar to those derived from histology (Table 2).
land-Altman analysis confirmed good agreements
f neointimal area measurements by OFDI and
VUS versus histology with a marginally narrower
ange of “limits of agreement” in OFDI (1.09 mm2
[95% confidence interval (CI): 0.92 to 1.25 mm2])
han in IVUS (1.34 mm2 [95% CI: 1.14 to 1.54
mm2]) (Fig. 2A). The mean values of subtraction
OFDI and IVUS versus histology were0.10 mm2
[95% CI: 0.20 to 0.01 mm2] and 0.19 mm2
[95% CI: 0.31 to 0.01 mm2], respectively.
Mean and maximum neointimal thickness (mm)
values for each section showed a good correlation
for both OFDI and IVUS (Table 2). However, the
correlation with minimum neointimal thickness perFigur
(A) O
All st
image
of ne
(A) (M
image
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layer
poorl
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absen
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(F) sh
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tory csection for IVUS (R2  0.386, p  0.001) was not
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75as high as that of OFDI (R2  0.667, p  0.001),
where the “limits of agreement” was lower with
OFDI (0.105 mm [95% CI: 0.089 to 0.121 mm])
Table 2. Morphometric Analysis Derived From OFDI and IVUS in
N  134 pairs
OFDI
Measurement R2
Stented area, mm2 5.73 2.68 0.89
Lumen area, mm2 3.14 2.15 0.93
Neointimal area, mm2 2.58 1.18 0.84
% Stenosis 47.4 17.1 0.79
Neointimal thickness, mm
Mean 0.295 0.153 0.82
Minimum 0.131 0.111 0.66
Maximum 0.491 0.251 0.82
RUTSS, % 2.1 7.1 0.65
p Values for all comparisons were 0.001. The number of pairs indicates the n
RUTSS  the ratio of uncovered to total struts per section; other abbreviation
Figure 2. Comparison of Morphological Measurements by OFDI
(A) Linear regression and Bland-Altman plot of neointimal area by o
(IVUS) versus histology. (B) Correlation of minimum neointima thick
The regression lines for each plot are shown in red. CI  conﬁdence inthan with IVUS (0.174 mm [95% CI: 0.148 to
0.200 mm]), whereas the mean value was higher for
OFDI (0.035 mm [95% CI: 0.026 to 0.044 mm])
mparison to Histology
IVUS
HistologyMeasurement R2
6.15 2.74 0.783 6.17 2.80
3.66 2.14 0.895 3.49 2.24
2.49 1.25 0.704 2.69 1.31
41.6 14.8 0.694 45.4 17.4
0.257 0.141 0.792 0.255 0.178
0.097 0.082 0.386 0.096 0.112
0.448 0.231 0.738 0.451 0.275
7.9 14.8 0.241 3.1 11.3
er of co-registered pairs of images from OFDI, IVUS, and histology.
in Table 1.
IVUS Histology
al frequency domain imaging (OFDI) and intravascular ultrasound
s by OFDI and IVUS versus histology stratiﬁed by  or  80 m.Co
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76than for IVUS (0.001 mm [95% CI: 0.014 to
.016 mm]). For further evaluation, we performed a
ubanalyses based on minimum values of neointima
hickness  or 80 m as described in a previous
animal study (10) (Fig. 2B). In a subset analysis of
sections with neointima thickness80 m (n 82
sections), OFDI showed a poor correlation with
histology (R2  0.201, p  0.001), whereas for
eointima thickness80 m (n 52 sections), the
correlation was much greater (R2  0.554, p 
0.001).
Recognition of uncovered struts. Although OFDI
was superior than IVUS at recognizing the total
number of struts per section, the values were still
lower when compared with histology (OFDI: me-
dian  10 [IQR: 7 to 12], IVUS: 8 [7 to 10],
histology: 12 [9 to 15]; p  0.001). In RUTSS
calculations, OFDI provided a good correlation
with histology (R2  0.656, p  0.001), whereas
IVUS failed to detect struts with relatively minimal
neointimal coverage (R2  0.241, p  0.001), thus
resulting in a greater number of false positives
(Table 2).
In another comparison, histological sections with
documented covered (n  97) and uncovered struts
(n  43) were intentionally matched with the
ppropriate OFDI images. Uncovered struts in
istology were identified by 2 OFDI reviewers with
sensitivity of 79.1% (95% CI: 70.3% to 85.6%)
nd 76.7% (95% CI: 67.5% to 82.0%) and specific-
ty of 96.9% (95% CI: 93.0% to 98.9%) and 95.9%
95% CI: 91.8% to 98.2%), respectively. The inter-
bserver agreement between 2 reviewers was excel-
ent, achieving a Cohen’s  value of 0.85 (95% CI:
0.72 to 0.93) (Table 3).
Strut coverage confirmed by histology but mis-
classified by OFDI included 5 of 97 covered struts
in addition to 12 of 43 uncovered struts by either of
the 2 OFDI reviewers. The misclassification of
Table 3. Identiﬁcation of Strut Coverage by OFDI
Reviewer 1
Uncovered Struts
Histology
Uncovered struts n  43 34
Covered struts n  97 3
Detection of uncovered struts
Sensitivity 79.1% [70.3–85
Speciﬁcity 96.9% [93.0–98
Square brackets indicate 95% conﬁdential interval. Cohen’s  value between 2
OFDI  optical frequency domain imaging.covered struts was mainly attributed to a limited
ability of OFDI to resolve unhealed struts charac-
terized by collections of fibrin and inflammatory
cells (10 of 12 struts), which were deemed uncov-
ered by histology (Fig. 3). Moreover, thin layers of
neointima or a single layer of endothelium over a
strut could also potentially be misclassified as un-
covered by OFDI (3 of 5 struts) (Fig. 3). The other
reasons of misclassification were not determined.
Assessment of tissue characteristics by OFDI. In the
current study, recognition of histological features
included fibrin accumulation (n  13 sections),
excessive inflammation (hypersensitivity) (n  4),
organized thrombus (n  8), foamy macrophages
(n  16), in-stent atherosclerosis including lipid/
necrotic core (n  11), intimal disruption (n  4),
angiogenesis (n  6), and calcified neointima (n 
8). The descriptions of these features as recognized
by OFDI are listed in Table 4, Figures 3, 4, and 5,
and Online Figures 3, 4, 5, and 6. Of these, the
presence of accumulated foamy macrophages on
luminal surface or within the neointima exhibited a
distinct appearance by a remarkably bright signal
with a trailing shadow. OFDI appearances of cal-
cification, angiogenesis, and intimal disruption
within neointima were similar to those of native
coronary arteries as described in the previous reports
(15,16).
In-stent atherosclerosis with lipid core/necrotic
core appeared as dark areas with indiscriminant
borders as previously reported in native arteries, and
these were frequently co-localized with focal strong
“bright” signals, suggesting the presence of foamy
macrophages and/or cholesterol crystals (9 of 11
sections  82%) (Online Figs. 3 and 4). Fibrin
accumulation, mostly identified around stent struts
by histology, had a relatively dark appearance with-
out clear margins in OFDI. Moreover, areas of
fibrin were not accompanied by strong signals from
OFDI
Reviewer 2
ered Struts Uncovered Struts Covered Struts
9 33 10
94 4 93
76.7% [67.5–82.0]
95.9% [91.8–98.2]
ewers was 0.85 [0.72 to 0.93] (0.80  excellent agreement).Cov
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77macrophages or cholesterol crystals (0 of 13 sections 
0%) (Fig. 4). When fibrin was accumulated on the
surface, it was associated with the luminal irregu-
larity in 7 of 8 sections (88%). Organized thrombus,
diffusely or focally localized in neointima, also
appeared dark by OFDI, and frequently was accom-
panied by black holes that indicated angiogenesis (6
of 8 sections  75%) (Fig. 4). Focal collections of
lymphocytes or eosinophils (hypersensitivity reac-
tion) also appeared dark; however, the absence of
signal did not necessarily reflect the extent of the
density of inflammatory cells (Fig. 4). Additionally,
OFDI signal analysis was performed in the super-
Figure 3. Source of Mislabeling in Detection of Strut Coverage
(A) Cross section from optical frequency domain imaging (OFDI) wi
ing to the inset in (A). The middle strut (asterisk) appears covered
image in (A) (hematoxylin and eosin stain, magniﬁcation 20). (D)
rounded by extensive ﬁbrin with scattered inﬂammatory cells with
(asterisk) mislabeled as uncovered. The strut is surrounded by hom
arrow). (F) Histological section that corresponds to the image in (E
endothelial cells covers the strut. The discontinuity observed in the
the strut edge (black arrow).ficial neointima inclusive of normal neointima 1 oyear (n  26 sections), normal neointima 6
onths (n  16), hypersensitivity (n  4), fibrin
ccumulation (n 8), organized thrombus (n 7),
nd foamy macrophages accumulated on the lumi-
al surface (n 9) (Table 4). The distance between
he light source to the luminal surface of the regions
f interest ranged within 0.43 to 2.09 mm. The
ighest values of “peak intensity” achieved were for
uperficial foamy macrophages (198.2  5.2), fol-
owed by normal neointima 1 year (183.4  6.8),
ormal neointima 6 months (173.2  6.1), ex-
essive inflammation (hypersensitivity) (165.1 
.7), fibrin deposition (154.2  5.1), and least in
FDI
isidentiﬁed covered struts. (B) Magniﬁed from OFDI correspond-
elatively dark tissue. (C) Corresponding histological section to the
niﬁed image of the inset in (C) (100). The middle strut is sur-
bsence of overlying endothelium. (E) OFDI of a luminal strut
neous tissue but appears to lack tissue integrity at 1 end (white
ovat pentachrome stain, 100). A thin layer of neointima and
I image is likely derived from the irregular neointimal growth atby O
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78showed that the “attenuation rate” was also prom-
inent in areas of foamy macrophages (2.56  0.32),
followed by fibrin (1.46  0.14), excessive inflam-
mation (hypersensitivity) (1.05  0.06), normal
eointima6 months (0.52 0.11), and organized
hrombi and normal neointima 1 year, which had
ery low indices of 0.40  0.07 and 0.33  0.09,
espectively. As shown in the OFDI signal analysis
lot in Figure 5, macrophage foam cells and orga-
ized thrombi constituted distinct groups, indepen-
ent of other histological features.
D I S C U S S I O N
In the current study, ex vivo OFDI of human
coronary stents provided a good correlation with
histology relative to conventional IVUS, not only
for estimation of stent/lumen area, but also for
neointimal thickness, regardless of the complex-
ity of the underlying atherosclerotic lesion, al-
though even by OFDI, there was a discrepancy in
the measurement of neointimal thickness 80
m because of the so-called “blooming artifact”
10). Factoring in the efforts to detect uncovered
truts in the recent clinical studies (17–19), we
urther assessed individual strut coverage using
o-registered OFDI and histology, which
In-Stent Features and OFDI Properties
OFDI Description Peak Intensity (In
year) Homogenous tissue, smooth
luminal surface
Strong (183.4 6.8
months) Homogenous tissue, smooth
luminal surface
Medium (173.2 6.
Relatively dark tissue without clear
border
Medium (165.1 2.
Relatively dark tissue without clear
border, mostly located around
stent struts
Medium (154.2 5.
Dark area with or without clear
border
Weak (134.0 4.0) [
Thin bright layer and following
shadow
Very strong (198.2
Dark area without clear borders‡ NA
Dark mass delineated with clear
borders
(Weak) (126.8 9.0
Discontinuation in luminal surface,
cavity burrowing deep into
intima
NA
eointima One or numerous black holes NA
re brackets are arranged in descending order of intensity (index A) and rate (inde
ysis of variance p  0.0001 for both index A and index B). Calciﬁed neointima is ex
erol crystal and/or foamy macrophage contents appeared to be bright. §For calc
ace). The distance between the luminal surface and the luminal edge of calciﬁca
al analysis was not performed; OFDI  optical frequency domain imaging.chieved a high sensitivity and an excellent spec- pficity for the detection of uncovered struts. On
he contrary, IVUS was unable to accurately
esolved strut coverage, particularly for struts
earest the luminal surface. Notably, however,
here were a few, but non-negligible misclassifi-
ations by OFDI, particularly for falsely positive
overed struts where the appearance of fibrin over
nd around stent struts with or without inflam-
atory cells is a likely contributing factor. In a
ecent study in normal swine coronary arteries
nterrogated by OFDI at various time points up
o 28 days, accumulated fibrin above struts proven
o be distinguishable from normal neointima by a
ignal intensity ratio standardized by intensity
rom an adjacent strut (fibrin: median  0.395
IQR: 0.35 to 0.43] vs. neointima: 0.53 [0.47 to
.57]; p  0.001) (12). Similarly, our study
howed a clear difference regarding OFDI signal
eak intensity between fibrin (154.2  5.1) and
ormal neointima (1 year: 183.4  6.8). More-
ver, we found the signal attenuation rate was
ignificantly greater for fibrin (1.46  0.14) than
or normal neointima (1 year: 0.33  0.09),
hich is helpful for identifying malapposed struts
ccompanied by extensive fibrin accumulation as
ften observed in the LST, especially with
OFDI Signal Analysis (Luminal Surface)
A)* Attenuation Rate (Index B)*
Analyzed Section/Case
Number
Mild (0.33 0.09) [e] 26/3
] Mild to moderate (0.52 0.11) [d] 16/3
] Moderate (1.05 0.06) [c] 4/1
] Moderate (1.46 0.14) [b] 8/2
Mild (0.40 0.07) [d/e] 7/3
) [a] Steep (2.56 0.32) [a] 9/3
NA NA
(Mild) (0.38 0.08)§ (8/4§)
NA NA
NA NA
Neointimal features not connected by the same letter are signiﬁcantly different
ed from this analysis. †Excessive lymphocytic cell accumulation with eosinophil
neointima, OFDI signals were calculated from the luminal edge of calciﬁcation
ranged from 0.04 to 0.28 mm. This result is not included in Figure 5A.Table 4. Histological
Histology dex
Normal neointima (1 ) [b]
Normal neointima (6 1) [c
Excessive inﬂammation
(hypersensitivity)†
7) [c
Fibrin accumulation 1) [d
Organized thrombus e]
Foamy macrophage 5.2
In-stent atherosclerosis
Calciﬁed neointima )§
Neointimal disruption
Angiogenesis within n
*Lower-case letters in squa x B).
by Tukey-Kramer test (anal clud
inﬁltration. ‡Large cholest iﬁed
(not from the luminal surf tionaclitaxel-eluting stents (20).
tten
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79Hypersensitivity and delayed neointimal healing in
DES. Stent-related hypersensitivity, although of
rare occurrence, is also associated with a thrombo-
genic milieu that can lead to stent thrombosis (21).
Virmani et al. (22) histologically characterized
hypersensitivity as extensive inflammation pre-
dominantly consisting of eosinophils and T lym-
phocytes accompanied by vessel enlargement.
Although there are no previous data relating
hypersensitivity reactions accessed by OCT/
Figure 4. Neointimal Properties in Histology and Comparative O
(A) Hypersensitivity with lymphocytic and eosinophilic cell inﬁltr
ﬁed image of the inset in (A) (hematoxylin and eosin stain, 10
of uncovered struts (asterisks), predominantly consisting of lymp
inﬂammatory cells (Luna stain, 1,000). (D) Corresponding OFDI
the areas of hypersensitivity appears dark and dull as compared
within the stent (the void in the middle is the residual lumen). S
thrombus indicate neoangiogenesis or recanalization (Movat, 2
is occupied by tissue, which appears dark by OFDI and is clearly
identiﬁed within the tissue (white arrows). (H) Corresponding IV
structures or vascular channels. (I) Histological section showing
(Movat, 12.5). (J) Magniﬁed image of the red inset in (I). There
ing healing (Movat, 100). (K) Magniﬁed image of the blue inse
surface (Movat, 200). (L) Corresponding OFDI to the histology in (
sponding to ﬁbrin as identiﬁed histologically appears dark without
tions of surface macrophages appear as a bright layer with signal aOFDI with histology, a few clinical reports sus-pected of hypersensitivity are available along with
serial angiography, in which the authors de-
scribed that IVUS and OCT documented find-
ings of vessel enlargement and late stent malap-
position or multiple cavities over time (23,24).
Similarly, our case of hypersensitivity (61 months
after Cypher implant [Cordis, Bridgewater, New
Jersey]) identified luminal surface irregularity and
cavity formation around struts, which were clearly
delineated by OFDI. In addition, the recognition
I
n (Movat pentachrome stain, magniﬁcation 12.5). (B) Magni-
here is extensive inﬂammation within the neointima in an area
ytes. (C) Eosinophils (black arrows) are identiﬁed among the
mage (A). (E) Corresponding OFDI to image (B). The tissue in
h healthy neointima. (F) Histology with organized thrombus
l vascular channels of varying diameters within the healing
(G) Corresponding OFDI to image (F). The area within the stent
ineated from underlying plaque. Multiple “black holes” are also
image shows a tight stenosis, but fails to demonstrate detailed
mulated ﬁbrin and foamy macrophages around stent struts
xtensive ﬁbrin around struts, with overlying neointima show-
(I). Superﬁcial foamy macrophages inﬁltrating the neointimal
) Corresponding OFDI to the histology in (J). The area corre-
ned borders. (N) Corresponding OFDI to histology in (K). Collec-
uation in the deeper neointima. Abbreviations as in Figure 1.FD
atio
0). T
hoc
to i
wit
mal
0).
del
US
accu
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deﬁof relatively dark tissue with moderate signal
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80attenuation rate in the areas adjacent to the stent
struts, as demonstrated in the OFDI signal analysis
of this study, may help confirm hypersensitivity and
future risk of thrombosis though prospective data is
obviously needed to validate this claim.
Using collagen-SMC gels studied in vitro, Levitz
et al. (25,26) recently showed that OCT signal
reflection was potentially regulated by modifications
of ECM through active matrix metalloproteinases,
rather than cell or collagen density. Moreover, other
studies involving animals, human atherectomy, and
autopsy specimens of coronary stents also demon-
strated changes in neointimal ECM over time
Figure 5. OFDI Signal Analysis of Various Neointimal Properties
(A) Scatter diagram of neointimal features recognized by signal pea
domain imaging (OFDI). (B–E) illustrate the methodology used for s
mulation (Movat pentachrome stain, magniﬁcation 20). (C) Magni
rophages are seen on the luminal surface. (D) Corresponding OFDI
from the luminal surface to deep neointima (white solid line) along
Measurements are ﬁtted to an approximate exponential function (y
resents signal intensity), thereby deriving peak intensity (“A”) and a(27–29). In the case of human coronary stents, Farb aet al. (29) elucidated the process of healing follow-
ing bare-metal stent (BMS) implant, where the
early neointima consisting of SMCs and ECM rich
in hyaluronan, the proteoglycan versican, and type
III collagen, is gradually replaced by the proteogly-
can decorin and type I collagen over 18 months to
2 years, reminiscent of biological wound healing,
although markedly delayed relative to normal heal-
ing of dermal injury. Similarly, the present study
demonstrated signal differences over time in normal
neointima 6 months and 1 year (peak intensity:
173.2  6.1 vs. 183.4  6.8, attenuation rate: 0.52 
.11 vs. 0.33  0.09, respectively). Thus, signal
tensity and attenuation rate derived from optical frequency
l analysis. (B) Histological section with luminal macrophage accu-
image of the inset in (B) (Movat, 400). Multilayered foamy mac-
the same area of the lesion in (B). Signal intensity is measured
e line from the center of the catheter (dotted white line). (E)
 expBx, where x represents distance from lumen, and y rep-
uation rate (“B”).k in
igna
ﬁed
from
th
 Analysis of OCT/OFDI may also be useful to unveil
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81the component or process of neointimal healing
after stent implants.
Recognition of in-stent atherosclerosis by OFDI. Al-
though the emphasis has been placed on delayed
arterial healing in DES as a causative role in LST, the
atherogenic propensity of the neointima may also be
involved. A recent IVUS study enrolling 30 consecu-
tive patients with very late stent thrombosis involving
23 DES and 7 BMS revealed different etiologies of
stent thrombosis, where the cause in BMS patients
was exclusively attributed to plaque rupture within the
neointima as opposed to only 43.5% of DES, where
delayed healing and in-stent atherosclerosis both play
a role (6). In another study, Higo et al. (30) reported
by angioscopy the yellow appearance of neointima in
DES to be more commonly associated with throm-
bogenecity, further suggesting the involvement of
atherosclerotic plaque.
Although several studies have examined the util-
ity of OCT/OFDI for histological characterization
of native human atherosclerotic arteries in an ex
vivo setting (31,32), to date, there are no published
data regarding stents despite the relevance to clin-
ical outcome. Recently, Takano et al. (33) assessed
neointimal changes in patients with BMS implants
for 6 months and greater than 5 years by OCT,
where a lipid-laden neointima, intimal disruption,
and thrombosis were more frequently in later
phases, albeit without histological validation. In this
regard, the present study illustrated, not only lipid,
but also accompanying pathological features such as
macrophages and cholesterol crystals, which may be
helpful for detecting “neointimal instability” by
comparing OFDI directly with histology.
Although OFDI has a good potential for iden-
tification of in-stent atherosclerosis, the dark ap-
pearance of fibrin accumulation, organized throm-
bus, excessive inflammation (hypersensitivity), and
mixture with fibrous tissue create a heterogeneous
or layered appearance and might impede direct
discrimination of these tissues when they exist
within neointima. In those cases, supervening find-
ings such as angiogenesis or cavity formation may
be helpful for the differentiation. Another obstacle
for the accurate diagnosis is the accumulation of
foamy macrophages on the luminal surface which
prohibits the visualization of tissues behind. Further
investigation will be needed to overcome thoseStudy limitations. All stented lesions were interro-
ated in a blood-free environment, and the main
nalysis were performed utilizing images acquired
ollowing formalin fixation, which is markedly dif-
erent from less ideal conditions in the catheteriza-
ion lab. However, we found that there is no
ignificant difference in OFDI signal reflection
egardless of formalin fixation, albeit in limited
ases. Although a multistep approach was used to
chieve ideal co-registration of OFDI and IVUS
mages with histology, outside of longitudinal
lignment and visual inspection, there were no
ther indicators or computational methods to pin-
oint the precise location of histological section to
he catheter-based signatures. Our methodology for
ignal analysis is applicable only for tissues facing
he lumen, not for the tissues deep within the
eointima. Finally, the study was performed in a
imited number of samples, and therefore, further
tudies are required to confirm the significance and
pplication of our findings in a larger cohort of
ases.
Summary and perspective. Ex vivo OFDI of stented
human coronary arteries showed superiority to
IVUS for estimation of minimal neointimal thick-
ness with a greater ability towards detecting covered
and uncovered struts. Moreover, our study demon-
strated the potential capability of OFDI for recog-
nizing tissue pathology such as accumulated fibrin,
excessive inflammation (hypersensitivity), organized
thrombus, angiogenesis, calcified neointima, and
in-stent atherosclerosis inclusive of foamy macro-
phages and/or cholesterol crystals. A comprehen-
sive understanding of the histopathological changes
that occur within stents together with their assess-
ment by OFDI as described in this study may
extend the utility of OFDI to gauge stent perfor-
mance, but this will require clinical studies powered
to examine hard endpoints based upon OFDI
findings.
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